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In recent years a number of authors within applied cognitive neuroscience have advocated the
desirability of early interventions (Burger, 2010; Heckman, 2006; Shonkoff & Levitt, 2011; Sonuga-
Barke, Koerting, Smith, McCann, & Thompson, 2011; Wallace & Rogers, 2010). Several studies have
suggested, for example, that interventions providing increased social and educational provision for
young children from low socio-economic status backgrounds are more effective the earlier the train-
ing is applied (Campbell et al., 2008; Olds, Sadler, & Kitzman, 2007). Similarly, programs are currently
being set up to assess the impact of early interventions for individuals at high risk of developing con-
ditions such as Attention Deﬁcit/Hyperactivity Disorder (ADHD) (Sonuga-Barke & Halperin, 2010) and
Autism Spectrum Disorders (ASD) (Wallace & Rogers, 2010).
Why are early interventions considered desirable? Heckman (2006) argued this point from an in-
ter-disciplinary perspective at four levels: ﬁrst, that cognitive and neural development is inﬂuenced by
gene–environment interactions; second, that the mastery of skills needed for economic success fol-
lows hierarchical rules, with later attainments building on earlier; third, that cognitive, linguistic, so-
cial and emotional competencies are interdependent; fourth, that human abilities are formed in a
predictable sequence of sensitive periods, during which development appears plastic (see also Karmil-
off-Smith, 1998; Sonuga-Barke & Halperin, 2010).
Within the ﬁeld of cognitive training, however, there appears to be relatively little appreciation of
the importance of the developmental perspective. A number of studies have looked at the effect of
administering training in older adults, young adults and school-age children, with only a small num-
ber of studies looking at the effect of applying training in very young populations. Furthermore, no re-
view has yet considered whether cognitive training applied to younger participants tends to report
more widespread transfer of training effects than similar training applied to older participants. This
is despite considerable a priori evidence at both the neural and behavioural levels suggesting the plau-
sibility of this hypothesis. In the next three introductory sections we outline some of this evidence.Overlapping functional connectivity patterns in early brain development
Evidence from developmental cognitive neuroscience is gradually eroding the idea that the postna-
tal functional development of the cortex unfolds in a mosaic-like manner, with static structure–func-
tion correspondences during development (Elman et al., 1996; Fair et al., 2008, 2009; Johnson, 2000,
2010; Karmiloff-Smith, 1992, 2009). Instead, evidence of how functional activation patterns change
during typical development (Bell & Wolfe, 2007; Durston et al., 2006; Kelly et al., 2009), in particular
in the context of the acquisition of skills such as face perception (e.g. Cohen Kadosh & Johnson, 2007;
Grossmann & Johnson, 2007), language (Redcay, Haist, & Courchesne, 2008), and also in terms of re-
organisation following acquired damage early in life (e.g. Spencer-Smith et al., 2011) is leading to a
better appreciation that postnatal cortical development is a non-stationary, dynamic process (see also
Edelman, 1993; Quartz & Sejnowski, 1997).
Amongst these developmentally dynamic perspectives, the Interactive Specialization hypothesis
describes how increasing functional localization and specialization of cortical circuits arises (in part)
as the emergent property of competition and cooperation between different circuits and networks
(Johnson, 2000, 2010; Johnson, Halit, Grice, & Karmiloff-Smith, 2002; Mareschal et al., 2007). Early
in postnatal development some regions of the human cortex are relatively unspecialised and undiffer-
entiated: speciﬁc tasks evoke larger functional activation patterns, and cortical areas are relatively less
functionally specialised. As particular areas become better tuned to particular tasks, Hebbian compet-
itive and cooperative learning algorithms mean that functional activation patterns become gradually
more localised and neural regions become more specialised over developmental time (Oliver, Johnson,
Karmiloff-Smith, & Pennington, 2000).
However compelling, evidence on these dynamic developmental changes does not identity causal
factors: they could just as well be determined by maturational changes as by interactions with the
environment. Recently, cognitive training programs have offered the opportunity to test, instead,
the extent to which such developmental changes are affected by controlled environmental input,
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with a static maturational framework. Secondly, and especially of interest to developmentalists, if we
assume (following Klingberg, 2010) that the effects of training on a particular cortical region using a
speciﬁc task would only be expected to transfer to other tasks and functions to the extent that the
tasks rely on at least partially overlapping neural networks, then it follows that training targeted ear-
lier rather than later in development ought to lead to more widespread transfer of training effects (see
Bellander et al. (2011), Brocki, Clerkin, Guise, Fan, and Fossella (2009), Diamond, Briand, Fossella, and
Gehlbach (2004), Kolata et al. (2010), McNab et al. (2009) and Posner and Rothbart (2009) for discus-
sions of possible mechanisms underlying these neural changes).
Interactions between cognitive domains during development
In addition to the evidence from neuroimaging, behavioural faculties may interact to a greater ex-
tent during early development compared to later in life, as particular skills are required for the sub-
sequent acquisition of other abilities (e.g. Cornish, Sudhalter, & Turk, 2004; Karmiloff-Smith, 1992,
1998). Indications that interactions across cognitive domains are critical early in development come
from developmental disorders. Particularly in disorders of known genetic origins, interactions identi-
ﬁed across all levels of description, from behavioural manifestations, to cognitive processes, to neural
systems and molecular pathways, question modular deﬁcits and highlight cascading effects of changes
across domains (Karmiloff-Smith, 2009; Scerif & Karmiloff-Smith, 2005). These interactions point to
the importance of studying cognitive deﬁcits not just as the adult end-state, but rather as the devel-
opmental pathways by which the end-state has been arrived at (Cornish, Scerif, & Karmiloff-Smith,
2007; Cornish, Turk, et al., 2004; Karmiloff-Smith, 1998, 2007; Thomas & Karmiloff-Smith, 2002).
For example, in the genetic disorder Williams Syndrome (WS) infants and toddlers are impaired
early on in planning saccadic eye movements (Brown et al., 2003; Scerif, Cornish, Wilding, Driver, &
Karmiloff-Smith, 2004). It has been suggested that these difﬁculties may affect their ability to follow
pointing (Laing et al., 2002), and which in turn may be detrimental to their ability to use parental ref-
erential pointing to learn vocabulary (Karmiloff-Smith, 2007). Although their language becomes rela-
tively proﬁcient much later in development, initially language in toddlers with WS is extremely
delayed and follows a deviant developmental trajectory (Annaz, Karmiloff-Smith, Johnson, & Thomas,
2009; Paterson, Brown, Gsodl, Johnson, & Karmiloff-Smith, 1999). Thus, an early problem within the
visuomotor system may potentially disrupt the later acquisition of language. The idea that an initial
atypicality may have compounded, and more widespread, effects later in development suggests that
early interventions may be critically important.
As illustrated by the case of developmental disorders, developmental dynamics need to be inves-
tigated over typical development. Theoretically relevant cognitive functions to explore in this context
are domain-general processes, like attentional control, given their potential to gate and inﬂuence the
development of multiple other processes (Astle & Scerif, 2009; Scerif, 2010). It is to attentional control
that we now turn.
Attentional control as a tool for learning
According to Ruff and Rothbart’s inﬂuential formulation, infants during the ﬁrst year of life are
thought to be able to exercise little volitional control over their allocation of attention (Ruff & Roth-
bart, 1996; see also Colombo & Cheatham, 2006; Courage, Reynolds, & Richards, 2006; Johnson,
2010). Towards the end of the ﬁrst year of life, the capacity to exercise attentional control – i.e. the
capacity of an individual to choose what is paid attention to and what is ignored – is thought to
emerge as the neural circuitry substantiating these cognitive functions matures (Deoni et al., 2011;
Gordon et al., 2011; Johnson, 2010). Attentional control capacities continue to progress slowly
throughout development (Davidson, Amso, Cruess Anderson, & Diamond, 2006), relative to exogenous
(i.e. stimulus-driven) aspects of attention which are thought to be relatively more mature at an earlier
age (Iarocci, Enns, Randolph, & Burack, 2009). In recent years considerable attention has also been de-
voted by investigators in this ﬁeld to working memory, the ‘‘maintenance of task-relevant information
in mind for brief periods of time to guide subsequent behaviour’’ (Gazzaley & Nobre, 2011). Working
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can & Owen, 2000; McNab et al., 2009), particularly early in development (Scherf, Sweeney, & Luna,
2006; Velanova, Wheeler, & Luna, 2008). Behavioral studies have similarly pointed to covariation in
attentional control and working memory performance, which again may be more extensive earlier
in development (Shing, Lindenberger, Diamond, Li, & Davidson, 2010).
The ability to exercise control over attention is thought to be a ‘hub’ cognitive faculty – i.e. a faculty
required for the acquisition of skills in a range of other areas (Karmiloff-Smith, 1992; Posner & Roth-
bart, 2007). The ability to regulate and direct attention releases the child from the constraints of only
responding to environmental events, and means they are able actively to guide their attention towards
the information-rich areas key for learning (Ruff & Rothbart, 1996; Scerif, 2010). Individual differences
in early orienting of attention and sustained attention have been shown to correlate longitudinally
with later attentional development, as well as with other aspects of cognitive and behavioural func-
tioning (Ruff, 1990). For example, individual differences in aspects of attentional control have been
shown to correlate with early language development (Kannass & Oakes, 2008; Rose, Feldman, & Jan-
kowski, 2009), with early learning in academic settings (Razza, Martin, & Brooks-Gunn, 2010; Rose,
Feldman, & Jankowski, 2011; Steele, Karmiloff-Smith, Cornish, & Scerif, 2012; Welsh, Nix, Blair, Bier-
man, & Nelson, 2010) and with later hyperactive/impulsive behaviors (Lawson & Ruff, 2004a, 2004b).
Early disruptions to the development of attentional control may also disrupt the subsequent acqui-
sition of other skills (Cornish, Cole, Longhi, Karmiloff-Smith, & Scerif, 2012b; Cornish, Sudhalter, et al.,
2004; Cornish et al., 2007; Mulder, Pitchford, & Marlow, 2010; Scerif, Longhi, Cole, Karmiloff-Smith, &
Cornish, 2012; Stevens, Lauinger, & Neville, 2009; van de Weijer-Bergsma, Wijnroks, & Jongmans,
2008). In fragile X syndrome, for example, attentional control of very simple responses is atypical from
infancy (Scerif et al., 2005) into toddlerhood (Scerif, Cornish, Wilding, Driver, & Karmiloff-Smith, 2007;
Scerif et al., 2004) and into childhood, both when mapped cross-sectionally (Cornish et al., 2007) and
longitudinally (Cornish, Cole, Longhi, Karmiloff-Smith, & Scerif, 2012a). Recent longitudinal data sug-
gests that early atypical attention to auditory and visual stimuli correlates longitudinally with later
difﬁculties across cognitive functions and behaviour, including autistic symptomology (Cornish
et al., 2012b; Scerif et al., 2012).Summary
We have described a priori evidence suggesting that interventions that train attentional control and
the closely overlapping domain of working memory ought to have more widespread effects the earlier
the intervention is targeted. Firstly, we have argued that the neuroimaging evidence suggests that
functional neural networks are more unspecialised and undifferentiated earlier in development. Sec-
ondly, empirical data and theoretical considerations from developmental disorders suggest that differ-
ent domains may interact during development. Thirdly, attentional control in particular may be
important as a ‘tool for learning’, gating the subsequent acquisition of skills in other domains.
With regard to all three points, however, it is important to note that the evidence we have reviewed
is purely correlational in nature. Correlations, including longitudinal correlations (e.g. Rose et al.,
2009), are insufﬁcient demonstration of causality, since any observed relationship may be mediated
by some unknown third factor. Even investigations using Structural Equation Modelling (e.g. Rose,
Feldman, & Jankowski, 2011; Rose, Feldman, Jankowski, & Van Rossem, 2008) are vulnerable to the
possibility that confounding variables have not been included in the model. Conclusive proof that do-
mains interact during development requires an experimental study to establish a counterfactual
dependence – showing, for example, that training attentional control improves the subsequent acqui-
sition of new skills in other areas (e.g. vocabulary acquisition).
The current review aims, therefore, to evaluate the evidence of observed training transfer following
cognitive training and to assess whether cross-domain effects operate differentially over developmen-
tal time. Our hypothesis is there will be a relationship between the degree of improvement found at
post- vs. pre-testing and the age of the participants involved in study. Speciﬁcally, we predict that
studies targeting younger participants ought to report relatively more widespread transfer of training
effects.
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In the analyses that follow we concentrate on two strands of research within cognitive training.
First, we discuss studies that have administered a mixed training regime targeting a battery of sub-
components of attention (mixed attention (MA)); second, we discuss studies that explicitly trained
working memory (WM). Both groups are substantially heterogenous on multiple dimensions – on
the exact nature of the training that was administered, on the amount of training that was adminis-
tered, on the age group of the participants, and on whether the participants were typically developing
or members of a disorder group.Mixed attention (MA) training
The majority of studies in this category administered a mixed training battery that includes a num-
ber of partially complementary different training tasks targeting one or a combination of the following
cognitive domains: sustained attention, selective attention, task switching and inhibition. For exam-
ple, Wass, Porayska-Pomsta, and Johnson (2011) administered to typically developing 11-month-
old infants a battery of training tasks targeting different subcomponents of attentional control includ-
ing task switching, inhibition, focused attention and working memory for objects embedded in com-
plex scenes. The tasks were administered using an eyetracker and a gaze-contingent interface. They
found that a short training period (average 77 min) led to improvements relative to an active control
group in cognitive ﬂexibility, sustained attention, and to reduced saccadic reaction time latencies,
although they found no improvements post-training on working memory. Rueda, Rothbart, McCand-
liss, Saccomanno, and Posner (2005) used more conventional point-and-click software to train 4- and
6-year-old participants using a battery of tasks targeting object tracking, anticipation, stimulus dis-
crimination, conﬂict resolution and inhibitory control; they found some transfer to reasoning tasks
but no signiﬁcant changes to performance on the Attention Network Test or Childhood Behavior Ques-
tionnaire. Studies have also applied a mixed training battery to older adults (Schmiedek, Lovden, &
Lindenberger, 2010) and to adults with schizophrenia (Greig, Zito, Wexler, Fiszdon, & Bell, 2007; Haut,
Lim, & MacDonald, 2010; Lopez-Luengo & Vazquez, 2003; Medalia, Aluma, Tryon, & Merriam, 1998)
and acquired brain injury (Sohlberg, McLaughlin, Pavese, Heidrich, & Posner, 2000). These have re-
ported some limited improvements at tasks such as WM (Greig et al., 2007; Haut et al., 2010; Schmi-
edek et al., 2010) and cognitive ﬂexibility (Greig et al., 2007; Lopez-Luengo and Vazquez, 2003).
We have also included in this category studies that looked at transfer following training of one par-
ticular task, such as dimensional card-sorting or go/no-go. The strongest results in this area come from
the three studies that trained participants using adapted versions of dimensional card sorting tasks
(Karbach & Kray, 2009; Kerns, Eso, & Thomson, 1999; Kloo & Perner, 2003). Karbach and Kray
(2009; Kray, Karbach, Haenig, & Freitag, 2012) used computerised card sorting to compare the effects
of training children (8–10), young adults (18–26) and older adults (62–76), and reported transfer to
other executive tasks and ﬂuid intelligence across all age groups. Thorell, Lindqvist, Nutley, Bohlin,
and Klingberg (2009) trained inhibition (a go/no-go paradigm) in 4–5-year-old children and found
that transfer was weaker than that observed in a matched group that had received WM training. In
their discussion they mention that this may be because inhibition of a prepotent response is presum-
ably a short neural process occurring over milliseconds, while tasks such as working memory require
sustained activity in both parietal and prefrontal areas over a time-course of seconds (Goldman-Rakic,
1995).
Some of these studies have additionally assessed whether the effects of cognitive training can be
detected not just using lab-based cognitive assessment techniques but also using clinician, teacher
or parent-administered assessments of real-world behaviors. For example, two adequately controlled
studies have reported that computer-administered MA training can lead to reductions in some but not
all measures of symptom severity in ADHD. Kerns et al. (1999) trained 7–11-year-olds at dimensional
card sorting, and reported reductions in some (but not other) ratings of ADHD symptom severity.
Rabiner, Murray, Skinner, and Malone (2010) trained 6–7-year-olds rated by their teacher as having
attention difﬁculties using two commercial MA training programs targeting mixed attention and
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training on academic performance: Kerns et al. (1999) reported improved maths performance in an
ADHD group following dimensional card sorting training, and Rabiner et al. (2010) reported improve-
ments at somemeasures of academic performance in a group of children identiﬁed as having attention
difﬁculties by their teachers following mixed attention training.
Surprisingly few studies in this area have looked at whether the effect of training persists imme-
diately beyond the cessation of training. Rabiner et al. (2010) found no signiﬁcant improvements at
their 6-month follow-up, which they attributed to a reduction in inattentive symptoms across their
whole sample. In a large-scale study looking at the effects of training on cognitive decline with ageing,
Willis et al. (2006) reported good maintenance of the effects of cognitive training at 5-year follow-up,
although the effects of training remained relatively speciﬁc to the domain being trained.
Working memory (WM) training
Studies included in this category are substantially more homogenous than those in the last, primar-
ily because the majority of studies have used the CogMed package. This is a commercially available
cognitive training package originally developed by the Klingberg group (Klingberg, 2010; Klingberg,
Forssberg, & Westerberg, 2002; Klingberg et al., 2005). This software administers visuo-spatial and
verbal working memory training that ﬁnds a participant’s maximum threshold (e.g. number of loca-
tions of objects that can be remembered) and administers tasks aimed to increase that threshold.
Other studies have administered different forms of working memory training, such as single and dual
n-back tasks (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008; Jaeggi et al., 2010). Willis et al. (2006) explic-
itly trained participants at using mnemonic strategies for remembering verbal material.
WM training has been repeatedly shown to lead to improvements on measures of reasoning/ﬂuid
intelligence (Jaeggi et al., 2008, 2010; Klingberg et al., 2002, 2005), although other groups have re-
ported negative or only trend improvements (Chein & Morrison, 2010; Dahlin, Nyberg, Backman, &
Neely, 2008; Holmes, Gathercole, & Dunning, 2009; Thorell et al., 2009; Westerberg et al., 2007).
WM training has also been shown to generalise to other measures of attentional control, such as
Stroop (Chein & Morrison, 2010; Klingberg et al., 2002, 2005), although again not universally (Thorell
et al., 2009; Van der Molen, Van Luit, Van der Molen, Klugkist, & Jongmans, 2010; Westerberg et al.,
2007), as well as to measures of sustained attention (Lundqvist, Grundstrom, Samuelsson, & Ronnberg,
2010; Thorell et al., 2009; Westerberg et al., 2007), task switching (Lundqvist et al., 2010) and go/no-
go (trend – Thorell et al., 2009). Reports of transfer to processing speed are rarer, with three of four
studies (Dahlin et al., 2008 grp a and b; Klingberg et al., 2002 grp b) reporting negative results. Schwe-
izer, Hampshire, and Dalgleish (2011) looked at the differential transfer effects in adults followingWM
training using either emotional or neutral material and found that only training with emotional mate-
rial yielded transferable gains to improved control over affective information on an emotional Stroop
task.
Klingberg et al. (2005) reported signiﬁcant improvements on parent (and trend on teacher) ratings
of ADHD symptom severity following 475 min of WM training, that were robust (decreasing only
slightly) at 3-month follow-up. Given that drug efﬁcacy stops shortly after cessation of treatment in
ADHD (Halperin & Healey, 2011) the ﬁnding of a follow-up effect here is promising; however, this re-
sult has not, to our knowledge, been successfully replicated.
Well-controlled reports of improved academic performance followingWM training are still patchy.
Van der Molen et al. (2010) reported improved maths ability in a group with mild to borderline intel-
lectual disability at 10-week follow-up. Chein and Morrison (2010) reported that WM training led to
improved performance in a reading test in adults and St Clair Thompson (2007) found signiﬁcant
improvements in 7-year-old children at following instructions following training, as did Holmes
et al. (2009). A number of other groups (Holmes et al., 2009; van der Molen et al., 2010) have, though,
reported non-signiﬁcant results on school-age children immediately following training. Holmes et al.
(2009) reported improvements at 6-month follow-up on standardised math test performance,
although they did not re-assess the control group at that visit.
Medium-term maintenance of training improvements has been assessed by a number of WM
training studies between 10 weeks and 18 months after the cessation of training (Dahlin et al.,
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2010; results described in Column M of the Table). The effects of one period of WM training appear
to get progressively weaker over time, although signiﬁcant effects of training have been identiﬁed
on some measures even as far as 18 months after the cessation of training (Dahlin et al., 2008).
Other cognitive training methods
Although in the quantitative analyses that follow we only include the cognitive studies targeting
WM and MA described above, in this section we also provide a brief overview of other forms of cog-
nitive training that behavioural or neuroimaging evidence suggests may be targeting similar atten-
tional control systems. The training methods described below were not included in our quantitative
analyses for two principal reasons: either because they administer training that is cognitively heter-
ogenous, in which attentional control may be targeted only indirectly, or because they have not yet
produced a body of work that is large enough to allow for quantitative analyses.
Non-verbal reasoning training
Bergman Nutley et al. (2011) administed computerised training targeting non-verbal reasoning in
typically developing 4-year-old children and reported transfer to Gf relative to a placebo trained
group. Owen et al. (2010) administered a large, home-based training study to adults (mean (sd) 41
(11.8) years) for which one group received training at reasoning, planning and problem-solving tasks,
and reported no transfer following training. Willis et al. (2006) administered non-verbal reasoning
training to older adults and found within-domain training improvements that were robust at 5-year
follow-up but no transfer of training improvements.
Mindfulness meditation
Lutz, Slagter, Dunne, and Davidson (2008) classify mindfulness meditation (MM) training in two
stages: focused attention and open monitoring. Focused attention involves a number of faculties: sus-
tained attention to a target object, disengaging from a distracting object (attention switching) and
redirecting focus promptly to the chosen object (selective attention) (Lutz et al., 2008). A number of
researchers in cognitive neuroscience have started to take an interest in MM in recent years (Brefczyn-
ski-Lewis, Lutz, Schaefer, Levinson, & Davidson, 2007; Cahn & Polich, 2006; Chiesa, Calati, & Serretti,
2010; Jang et al., 2010; Lutz, Greischar, Rawlings, Ricard, & Davidson, 2004; Lutz et al., 2008; Rubia,
2009; Slagter et al., 2007; Tang & Posner, 2009), as studies have suggested links between MM and per-
formance on tasks such as the Attention Network Test (Jha, Stanley, Kiyonaga, Wong, & Gelfand, 2011;
van den Hurk, Giommi, Gielen, Speckens, & Barendregt, 2009), the Stroop task (Chan & Woollacott,
2007) and working memory (van Vugt & Jha, 2011). Tang et al. (2007, 2009, 2010) used diffusion ten-
sor imaging, single photon emission computed tomography and electroencephalography (EEG) to
point to changes in activity of the anterior cingulate cortex (ACC) and other frontal areas after MM
training; these are areas that are also implicated in more traditional executive attention and working
memory tasks (Bush, Luu, & Posner, 2000; Duncan & Owen, 2000; Kelly et al., 2009; Pessoa, 2008; Pos-
ner & Rothbart, 2009). Relatively few studies have applied mindfulness meditation to younger partic-
ipants, perhaps because it requires a level of meta-cognitive awareness; however, Napoli, Krech, and
Holley (2005) applied 12 sessions of mindfulness meditation training to a group of 114 children aged
6–9 years and found, relative to a wait-list control group, that training led to signiﬁcant improvements
on the Test of Everyday Attention on the selective but not the sustained attention subcomponents, to
some changes on the ADD-H Comprehensive Teacher Rating Scale and on the self-reported Test Anx-
iety Scale (see also Zylowska et al., 2008).
Action computer games
A series of studies (Boot, Kramer, Simons, Fabiani, & Gratton, 2008; Castel, Pratt, & Drummond,
2005; Chisholm, Hickey, Theeuwes, & Kingstone, 2010; Dye, Green, & Bavelier, 2009; Green & Bavelier,
2007, 2008; Mishra, Zinni, Bavelier, & Hillyard, 201; reviewed in Bavelier, Green, and Dye (2010)) have
shown that regular action computer game players show superior performance on visual attention
tasks such as useful ﬁeld of view and attentional blink. These correlational ﬁndings may, however,
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games. Only a small number of studies have looked at transfer after non-video-game players were
trained using action video-games. Some studies have reported that training leads to improvements
on aspects of visual attention (Green & Bavelier, 2003, 2007). However, Boot et al. (2008) assessed
the effect of c. 20 h of video-game playing in young adult non-video-game players and looked for
transfer to a number of other executive tasks such as working memory, task switching and reasoning,
with strikingly negative results. Perhaps surprisingly, no study to our knowledge has assessed similar
transfer of training improvements using younger participants.
Neurofeedback
During neurofeedback (Arns, de Ridder, Strehl, Breteler, & Coenen, 2009; Cannon, Congedo, Lubar, &
Hutchens, 2009) the participant wears an EEG net and views a computer feedback of their electrical
brain activity. The subject is encouraged to learn to ‘control’ this readout by receiving coaching from
a clinician on maintaining effort and focus using metacognitive strategies. Neurofeedback has been
shown to be associated with changes in neural activity in areas such as the ACC and dorsolateral pre-
frontal cortex (Beauregard & Levesque, 2006; Cannon et al., 2009). A number of controlled studies
have demonstrated improved performance on standardised cognitive assessment measures following
neurofeedback training at WM (Cannon et al., 2009; Vernon et al., 2003), Stroop (Beauregard & Lev-
esque, 2006; Kouijzer, de Moor, Gerrits, Congedo, & van Schie, 2009), go/no-go (Beauregard & Lev-
esque, 2006), sustained attention (Kouijzer et al., 2009) and cognitive ﬂexibility (Kouijzer et al.,
2009). However, the widespread use of passive control groups in these studies means that caution
should be exercised in interpreting these ﬁndings (see Methods section). A number of neurofeedback
papers have also reported reductions in attention deﬁcit hyperactivity disorder (ADHD) symptom
severity following training. Arns et al. (2009) have recently reviewed this literature, although they in-
clude a number of papers that are inadequately controlled.
Clinician-/parent-/teacher-administered interventions
A number of behavioural intervention packages explicitly include an executive or attentional con-
trol training component administered within a social context, normally via interaction either with
parent or teacher. For example, the Tools of the Mind package is a classroom-based curriculum aimed
to boost the development of the executive functions (Barnett et al., 2008; Blair & Diamond, 2008; Dia-
mond, Bernett, Thomas, & Munro, 2007). Within the ﬁeld of clinician-administered ADHD interven-
tions, a number of programs now also include elements of structured working memory and turn-
taking training with the primary caregiver (Sonuga-Barke & Halperin, 2010; Sonuga-Barke et al.,
2011; Thompson et al., 2009).Methods
In the analyses that follow we focus exclusively on studies that applied Mixed Attention (MA) and
Working Memory (WM) training.
Search strategy
All searches were carried out on 27th February 2012 by two separate raters, one of whomwas blind
to the purposes of the review. An a priori decision was made only to include studies dating from 1990
to the present, and only to search for studies published in English. These were the only ﬁlters that
were applied. The search terms used were: ‘cognitive training’ (167 titles returned from Medline),
‘cognitive rehabilitation (234), ‘executive control (253)’, ‘task switching’ (310), ‘attention training’
(40), ‘working memory training’ (44), and ‘inhibition training’ (4); the abstracts for studies which con-
tained those search terms in the title were inspected. All studies losely ﬁtting our inclusion criteria
were downloaded, and where unavailable, full texts were requested from the corresponding authors.
Since the sensitivity of searches using Medline alone has been reported to be low (Adams, Power,
Frederick, & Lefebvre, 1994), additional databases were also used for the search, namely ISI Web of
368 S.V. Wass et al. / Developmental Review 32 (2012) 360–387Knowledge and Google Scholar. Identical search terms were entered into these search engines and
possibly relevant articles were downloaded. Reference lists and bibliographies were searched from
all retrieved articles and relevant published reviews. Papers were read by each of the two raters
and a consensus decision was taken as to whether the data contained material suitable for the
analysis, based on the inclusion criteria below. To our knowledge no study ﬁtting the inclusion criteria
below has been excluded from this review.
Inclusion criteria
To be included in this review, studies must be: (1) published in a peer-reviewed journal; (2) apply
training primarily designed to require the use of one or several of the following cognitive domains:
Working Memory; Mixed Attention, deﬁned as including the terms: Sustained Attention; Selective
Attention; Task Switching; Inhibition. (3) include at least a passive control group (see Controls section
below); (4) apply testing to both trained and control groups before and after training that includes at
least one standardised assessment that measures either executive attention or working memory (see
Deﬁning transfer section below).
Controls
A number of studies (including several of those reporting strong transfer following training
(Holmes et al., 2010; Kerns, MacSween, Wekken, & Gruppuso, 2010; Tamm et al., 2008; Zylowska
et al., 2008)) do not include any control groups so have been excluded from this review. In those stud-
ies we have included, some have used a passive (wait-list) control group (in which control participants
attend only two testing sessions, at pre- and post-test) whereas others have used an active control
group (in which control participants attend for the same number of sessions and participate in ersatz
training sessions).
We consider active-controlled studies to be substantially preferable. Although passive-controlled
studies control for test–retest effects and for the passage of developmental time, they do not (in most
cases) control for the placebo effect (since participants in the trained group knew that they had par-
ticipated in some form of training, whereas those in the control group knew that they had not). There
exists a large body of evidence (see e.g. Beauregard, 2007) suggesting that expectation of improve-
ments after training can substantially alter performance at post-test. It also does not control for the
effect of repeated exposure to experimenters/lab settings. Beauregard and Levesque (2006), for exam-
ple, report a study in which one group of 8–12-year-olds with ADHD attended the lab for 40 sessions
in total whereas the other group attended only twice – at pre- and post-testing.
Statistical analyses reported
The studies we review have administered a variety of statistical analyses (described in Column K of
the table). Of these, the two most commonly used are:
(i) Repeated measures ANOVAs with group (trained vs. control) as the between-subjects factor,
visit (pre vs. post-test) as the within-subjects factor and test result as the dependent variable.
(ii) Analyses of covariance (ANCOVAs) with group (trained vs. control) as the between-subjects fac-
tor, difference scores on the test result (post–pre-test) as the dependent variable and pre-test
performance as the covariate. Assuming that the trained and control groups are randomly
assigned, the advantage of the ANCOVA is that it controls for differences between the scores
of the two groups at pre-test (Dimitrov & Rumrill, 2003; Jamieson, 2004; Miller & Chapman,
2001).
Pre–post assessments
The assessments included in our analyses were generally administered immediately after the ces-
sation of training. In some cases (9/37 studies) the initial post-assessment was followed by a subse-
S.V. Wass et al. / Developmental Review 32 (2012) 360–387 369quent reassessment session administered between 10 weeks and 5 years after the cessation of training
to assess the longer term maintenance of training improvements. Where applied, these follow-up
assessments have been described in ColumnM of the table. However, the small number of studies that
admininstered a follow-up assessment together with the variability of the date of administration post-
training mean that it has not been possible to include these assessments in our quantitative analyses.
Deﬁning transfer
Assessing whether training improvements have generalised from the speciﬁc task being trained to
other tasks is a conceptually complicated area where no clear benchmarks apply (see discussions in
Klingberg, 2010; Loevden, Backman, Lindenberger, Schaefer, & Schmiedek, 2010; Shipstead, Redick,
& Engle, 2010).
To allow standardised comparison of the efﬁcacy of training across a number of training studies, we
ﬁrst classiﬁed each of the pre–post tests as assessing a particular cognitive faculty. The categories we
have used are: Working Memory; Sustained Attention; Selective Attention; Task Switching; Inhibi-
tion; Reasoning; Response Speed; Academic Performance; Emotional Control (including standardised
ratings of symptom severity in ADHD); Language and Social; Other (including other standardised
assessments).
Where possible we have tried to follow the descriptions used by the authors of the studies,
although in cases where there is disagreement we have used the most common deﬁnition. To promote
transparency we have included, in Column L of the table, the exact name of each pre–post that was
administered, followed by our classiﬁcation of the cognitive faculty that we considered that test to
be assessing. A full list of all the tests classiﬁed by cognitive faculty, together with the abbreviations
that have been used, is given in the table legend.
For the present review we have adopted a stringent deﬁnition of transfer. Rather than assessing the
efﬁcacy of training of individual constructs themselves (e.g., by assessing whether WM or attentional
control can be modiﬁed by training), we wished to assess whether these improvements generalise to
other cognitive functions. Therefore if the pre–post test was, according to our classiﬁcation, in the
same category as the training stimulus, we have excluded the result of this test from our quantitative
analyses. For example, Jaeggi et al. (2010) administered WM training (using single and dual n-back
tasks) and assessed the effect of training by administering pre- and post-training two ﬂuid intelligence
tasks (Bochumer Matrices and Raven’s Advanced Progressive Matrices) and a different assessment of
working memory (the operation span task). In our analysis we have included the results of the ﬂuid
intelligence tasks but excluded the results of the working memory task, since these are judged to
be in the same category as the training that was administered and therefore not to be assessments
of distal transfer. It should be noted that, particularly within the WM training literature, this has
led to many tests that are described by their authors as assessments of ‘‘near’’ transfer being excluded
from our quantitative calculations. The results of these additional ‘‘near transfer’’ assessments have,
however, been included (in square brackets) in Column L of the Table, together with the signiﬁcance
of the results observed.
Calculation of effect sizes and conﬁdence intervals
Where possible we have calculated Cohen’s d based on the raw means and standard deviations
using the standard formula:d ¼ ME MC
swhere ME is the change in means (post–pre) in the experimental (i.e. trained) group, and MC is the
change in means in the control group, and s is the pooled standard deviation. Where the raw means
and standard deviations were not available, we have based our calculation on the reported p value and
sample size using the procedures suggested by Hunter, Schmidt, and Jackson (1982) and Hunter and
Schmidt (1990) (available online at http://www.lyonsmorris.com/ma1/index.cfm). We have also re-
ported the statistical analysis from which this p value was derived in Column K of the table.
370 S.V. Wass et al. / Developmental Review 32 (2012) 360–387We then calculated the conﬁdence intervals (CIs) using the method given by Hedges and Olkin
(1985):Fig. 1.
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NE þ NC
NE  NC þ
d2
2ðNE þ NCÞ
swhere NE and NC are the numbers in the experimental and control groups, respectively. The 95% con-
ﬁdence interval has been calculated as d ± 1.96r.
For some studies neither the raw means nor the p values/sample sizes were available. (These stud-
ies typically report just that a test was administered, but that the results were not signiﬁcant.) Since
excluding these measures would have lead to a positive bias, we included these tests as reporting an
effect size of 0.
The pooled effect sizes and CIs for individual studies can be seen in Column N of the Table and the
effect sizes and CIs for the individual pre–post tests can be seen in Column N of the Table.Results
The studies ﬁtting our inclusion criteria are shown in Fig. 1 and Table 1.A graphical representation of the studies included in this review. Studies have been listed by the age of the participants
. The age of the participants is represented on the x-axis. The error bars span from the youngest participant included in
dy to the oldest. The size of the central dots represents the number of participants included in each study; a bigger dot
s a larger participant pool. For Owen et al. (2010) and Willis et al. (2006) these have not been drawn to scale to promote
y.
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Our primary research question was that of whether cognitive training targeted at younger partic-
ipants tends to report more widespread transfer of training effects. Addressing this question was com-
plicated by the fact that the studies we are reporting are heterogenous on multiple independent
variables, namely:
– Amount of training applied. This ranges from 30 min (Kloo & Perner, 2003) through to 6000 min
(Schmiedek et al., 2010).
– Exact type of training applied. On the ﬁgures and table we have grouped the studies we are review-
ing into two categories, WM and MA, although as we discuss above both categories are substan-
tially heterogeneous.
– Exact population targeted. We have classiﬁed the studies we have included as targeting six partic-
ular populations: typically developing (TD); ADHD; acquired brain injury; schizophrenia; and indi-
viduals with social and emotional difﬁculties; other.
Figs. 2 and 3 show forest plots of the effect sizes and 95% conﬁdence intervals of the individual pre–
post tests that were administered.
The effect sizes and variances have then been pooled across all of the different tests administered
to give a single estimate of the average degree of transfer observed per study, together with an esti-
mate of the degree of variance observed between pre–post tests. These data have been listed in Col-
umn N of the table.
Exploratory analyses conducted to examine the relationship between degree of transfer reported
by individual studies and the age of participants in that study revealed that both variables were not
parametrically distributed (age–skewness: 1.33, kurtosis: 0.52; transfer–skewness: 1.66, kurtosis:
5.45) and therefore non-parametric correlations (Spearman’s rho) have been calculated. When all
studies were pooled together a relationship between transfer and age was identiﬁed (r(1,43) = .31,
p(2-tailed) = .045). When amount of training time administered was included as a covariate this rela-
tionship became stronger (r(1,40) = .37, p(2-tailed) = .015). This suggests that the observed relation-
ship between transfer and age was confounded (weakened) by the fact that smaller amounts of
training tended to be applied to studies targeting different age groups.
When just those studies targeting typical development are considered a correlation between age and
transfer score observed is also identiﬁed (r(1,28) =.47, p(2-tailed) = .011), which again becomes stron-
gerwhenamountof training administered is controlled for (r(1,25) = .53,p(2-tailed) = .005). The results
also suggested that studies targeting certain disorder group populations (e.g. children with ADHD and
adultswith acquiredbrain injury)may tend to reportmore transfer than studies targeting typically devel-
oping participants. However there are insufﬁcient studies available to us to allowus to calculate the rela-
tionship between transfer reported and age independently for the different disorder groups.
The relationship observed between age and training transfer was, although consistent, a relatively
weak relationship. This is shown by the fact that when the WM and MA groups are considered indi-
vidually, the smaller number of studies included in the correlation means that the relationship is non-
signiﬁcant for both groups (WM – r(1,19) = .45, p(2-tailed) = .053; MA – r(1,24) = .20, p(2-
tailed) = .35).
Discussion
The quantitative analyses we conducted have identiﬁed signiﬁcant relationships between the de-
gree of transfer reported by individual studies and the age of participants in that study. The initial sig-
niﬁcant relationship we identiﬁed (r = .31) became stronger when the amount of training time was
included as a covariate (r = .37), because studies targeting younger individuals tend to administer
smaller amounts of training. When just those studies that had applied training to typically developing
individuals were considered the relationship was found to be stronger (r = .47), which again in-
creased when the amount of training time was included as a covariate (r = .53). The relationship ap-
peared to be stronger for WM (r = .45) than for MA (r = .20) studies.
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Table 1 (continued)
A and B – Authors
and year
C –
Description
of
participants
D – Age of
participants
(range, or
mean (sd))
E – Control F – Amount
of training
G –
Mins
training
H – N
trained
I – Nature
of training
J –
Training
group
(1 =WM,
2 = MA)
K – Statistical
analyses
L – Pre- and Post (see
table legend)
M – Follow-up (time
since completion of
training)
N – Average
transfer
observed across
all pre–post
tests
administered
O – Std in
transfer
observed across
all pre–post
tests
administered
Wass et al. (2011) TD 11-m-o Active group –
watched infant-
friendly
animations and
videos for a
matched program
of training sessions
4 sessions
(variable length)
77
(19.1)
21 Mixed Att/
WM (eye-gaze
contingent)
2 ANCOVA Cog ﬂex (y); Gap (spd) (y); Sus
att (y); WM (n); spontaneous
orienting during free play (beh
gen) (s)
None 0.84 0.63
Westerberg et al.
(2007)
Stroke 34–65-y-o p 90 trials (40 min)
per day, 5 days a
week for 5 weeks
1000 9 WM – vis-spat
and auditory
1 Post-test scores
compared using a
general linear
model,
controlling for
pre-test
performance.
Equivalent to
ANCOVA
RPM (reas) (n); PASAT (sus)
(y); RUFF (selec) (y); Stroop
(selec) (n); CFQ (beh gen) (y);
[WechWM (y); CD (verWM)
(s)]
None 0.49 0.42
Willis et al. (2006)
(mem grp)
Cog decline
with ageing
74 (6)-y-o Ten 60–75-min
sessions; booster
training (four 75-
min sessions) at
11 and 35 months
675 703 Memory –
mnemonic
strategies for
remembering
verbal
material
1 Repeated-
measures, mixed-
effects model
Reas (n); IADL (gen beh) (n);
other gen perf measures (gen
beh) (s); [Memory (HVLT;
RAVLT; RBPRT) (y); UsefulFoV
(n)]
5-y - Memory (HVLT;
RAVLT; RBPRT) (n);
Reas (n); IADL (gen
beh); other gen perf
measures (gen beh) (n)
[UsefulFoV]
0.29 0.51
Zinke et al. (2011) Cog decline
with ageing
77–96-y-o p 5 sessions (30 min
per session) over
2 weeks
300 20 vis-spat and
ver WM
1 ANOVA Strrop (selec) (n); RPM (reas)
(n)
0.05 0.21
Column E: Control group – p stands for passive (i.e. wait-list) control group.
Column F: Amount of training administered – excluding baseline assessment sessions.
Column H: N training – initial number allocated to training group, not including drop-out.
Column L: For each measure, we include: (i) the abbreviated name of the test administered, (ii) the abbreviated name of the cognitive faculty that the test is assessing, and (iii) the result of
the test – either y,s or n. ‘y’ means a signiﬁcant training improvement was observed, ‘s’ means some training improvement was observed (either p < 0.1 on the core measure or signiﬁcant
improvement at some but not all subcomponents), and ‘n’ means no training improvement was observed. Thus, for example, ‘RPM (reas) (n)’ means that (i) Raven’s Progressive Matrices
was administered, (ii) that we have classiﬁed this test as an assessment of reasoning, and (iii) that no transfer was found to this assessment as a result of training. Measures in square
brackets are excluded measures that have not been included in our graphical representations (Figs. 1–3) or in our calculation of between-domain transfer (see section 1.5).
Working Memory/Short-Term Memory (WM): Wechsler digit span/letter-number sequencing (WechWM); Operation Span Task (OSPAN); Working Memory Test Battery for Children
(WMTB-C); Paired Associates Learning (PAL); Working Memory Index (WMI); Conceptual Span Task (CST); Wechsler Block Span (WechsWM); Picture Span (PS); Spatial Span (SS); digit
span (DS); Rivermead Behavioral Paragraph Recall Test (RBPRT); Listening Span Task (LST); Verbal Learning Test (VLT); Claeson-Dahl word list recall (CD); Hopkins Verbal Learning Test
(HVLT); Rey Auditory Verbal Learning Test (RAVLT); Block Recall (BR); Visual Patterns (VP); Backward Digit Recall (BDR); Listening Recall (LR); Digit Recall (DR); Nonword Recall (NR);
Animal span (AS); 3-back numerical (3B), memory updating (MU), reading span (RS), counting span (CS), rotation span (RS), word pairs (ES).
Reasoning/ﬂuid intelligence (reas): Wechsler picture complete, coding, mazes, block design, matrix (WechReas); Hooper Visual Organization Test (VOT); Ravens Progressive Matrices
(RPM); Kaufman Brief Intelligence Test (KBIT); BochumerMatrizen-Test (BOMAT); ETS Inference and nonsense syllogisms and surface development and paper folding (ETS); Tower of London
(TOL); Delis-Kaplan Executive Functioning System – Tower Test (D-KEFS_TT); BIS verbal (BISV), BIS numerical (BISN), BIS ﬁgural-spatial (BISF-S), Test of Nonverbal Intelligence (TONI).
Response speed (spd): Symbol Digit Coding/Symbol Digit Modalities Test (SDC); Processing Speed Index (PSI); Wechsler processing speed index (WechPSI); Saccadic RTs (Gap); Digit
Symbol Substitution Test (DSST); Weschler Digit Symbol Coding/Symbol Search (Wesch_Spd).
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Sustained attention (sus): Underlining task (UT); Attentional Capacity Test (ACT); Continuous Performance Task (CPT); Paced Auditory Serial Addition Test (PASAT); cancellation task;
Test of Everyday Attention for Children_sustained attention component(TEA-Ch_sus); Vigil Continuous Performance Test (VCPT); D2; Test of Variables of Attention (TOVA).
Selective attention (selec): Stroop; Test of Sustained Selected Attention (TOSSA); dichotic listening; Delis-Kaplan Executive Functioning System – colour-Word Interference (D-
KEFS_CWI); Ruff 2&7 (RUFF); Test of Everyday Attention for Children_selective attention component(TEA-Ch_selec).
Switching/cognitive ﬂexibility/conﬂict resolution (switch): Card sorting/Wisconsin Card Sorting Task (WCST); Trail Making Test (TMT); internal switching task (IST); ANT conﬂict;
Colour Word Interference Test condition 4 – Inhibition/Switching (CWIT).
Inhibition (inhib): go/no-go; Hayling Test (HT); GoStop.
Symptom severity in ADHD (inatt): Matching Familiar Figures Test (MFFT); Attention Deﬁcit Disorder Evaluation Scale (ADDES); parental/teacher report of impulsivity/inattentiveness;
DSM-IV ADHD subscales (DSM_ADHD) (inattentive/hyperactive-impulsive) (Inc. Swanson, Nolan and Pelham (SNAP) and Conners’ Teacher Rating Scale-Revised (CTRS-R); Conners Rating
Scale (CRS) (for ADHD); Clinical Global Impressions (CGI) (for ADHD); ADHD Rating Scale IV (ADHD_RS); ADD-H Comprehensive Teacher Rating Scale (ACTeRS); Fremdbeurteilungsbogen
fuer hyperkinetische Stroerungen (German ADHD rating scale) (FBB-HKS).
Stress/anxiety (anx/emot): Proﬁle of Mood States (POMS); biophysical stress markers; Beck Anxiety/Beck Depression Inventories (BDI); Revised Children’s Manifest Anxiety Scale
(RCMAS); Test Anxiety Scale (TAS); Positive and Negative Affect Schedule (PANAS).
Other behaviour (beh gen): Brief Psychiatric Rating Scale (BPRS); Brock Adaptive Functioning Questionnaire (BAFQ); Behavioral Assessment of Dysexecutive Syndrome (BADS);
Instrumental Activities of Daily Living (IADLs); Mini-Mental State Examination (MMSE); Global assessment of functioning (GAF); Everyday Attention Questionnaire (EAQ); Test of Everyday
Attention (TEA); Childhood behavioural questionnaire (CBQ); Cognitive Failure Questionnaire (CFQ); Behavior Rating Inventory of Executive Function (BRIEF); DSM-IV oppositional. social
problems, anxious/shy subscales; Canadian Occupational Performance Measure (COPM); motor activity; spontaneous attentional reorienting during free play; Kaufman Assessment
Battery for Children (KABC); Child Behaviour Checklist CBC); Selective Reminder Test.
General academic (acad gen): Academic performance Rating Scale (APRS); Woodcock Johnson Tests of Achievement (WJTA) Inc.: Understanding Directions (WJTA_UD); Wide Range
Achievement Test (WRAT).
Maths (math): Group Reading Test (GRT); Wechsler Objective Number Dimensions (WechMath); Mental Mathematics 7/8 (MentMath); Wechsler Adult Intelligence Scale_arithmetic
(WAIS_m).
Literacy (lit): Basic Reading Skills (BRS); Dynamic Indicators of Basic Early Literacy Skills (DIBELS); Wechsler Objective Reading Dimensions (WechRead); Nelson-Denny Reading Test
(NDRT); Salzburger Lesetest (SLT).
Language (lang): Wechsler vocabulary subtest/Wechsler Inelligence Scale verbal IQ (WechVerb); Controlled Oral Word Association Test (COWAT); Verbal ﬂuency task (VFT); following
instructions (FI); California Verbal Learning Test (CVLT); Mill Hill Vocabulary Scale (MHVS).
Social (soc): false belief; Hinting Task (HT); Bell-Lysaker Emotion Recognition Task (BLERT); Scale for the Assessment of Positive Symptoms (SAPS)/Scale for the Assessment of Negative
Symptoms (SANS); Children’s Communication Checklist (CCC); AUTI-R; Autism Treatment Evaluation Checklist (ATEC).
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Fig. 2. Plot of MA studies. Column L of Table 1 shows, for each study included, the names of each of the pre-post tests administered to assess transfer following training; the number of pre-
post tests administered varies between studies (mean: 4.5, range 2–13). This ﬁgure shows the results of these tests drawn, study by study, in ascending order of age; the position of the
study on the y axis corresponds to the mean age of the participants (although this has been staggered in some cases to avoid overlap). For each study, the results of each of the pre-post
tests has been drawn as a pale, horizontal line (from 95% low to 95% high CI); the results of the average of all the pre-post tests administered by that study has been drawn as a darker,
vertical line. For example the ﬁrst study, ’Wass 11’, administered 5 different pre-post assessments (listed in Column L of Table 1) for which the CIs varied from –1.05 to –0.10 (for the WM
pre-post assessment) to 0.60 to 2.1 (for the sustained attention pre-post assessment); the results of these tests have been drawn as ﬁve horizontal grey lines. The average effect size across
the ﬁve tests administered was 0.81, which has been drawn as a vertical line. Different colours depict different populations that have been targeted. The smaller dotted line shows the
linear regression between transfer observed and age for all studies. The other line shows the linear regression just for those studies with typically developing populations.
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380 S.V. Wass et al. / Developmental Review 32 (2012) 360–387The ﬁrst conclusion we wish to draw from this review is that substantially altering cognition is
hard. The ﬁndings described here represent probably the most promising avenues of research in cog-
nitive training of domain-general processes, yet negative ﬁndings (i.e. ﬁndings that training improve-
ments fail to generalise, even to related tasks) are still frequent. For example even a well-replicated
ﬁnding, such as that training working memory leads to improvements at reasoning tasks, is still ob-
served only in about half of the studies that have examined this relationship (see Table 1). Key ﬁnd-
ings, such as the relationship between cognitive training and problem behaviours in ADHD (Klingberg
et al., 2005) and math performance in schools (Holmes et al., 2009; Kerns et al., 1999) have yet to be
widely replicated, although the number of negative ﬁndings in this area is also small. Only a small
number of studies have examined the degree to which training improvements are maintained over
longer time periods (see Column M of Table 1). It should be remembered, however, that the falsiﬁabil-
ity of hypotheses within the training literature is different to that in other areas of cognitive science.
The possibility of a type I error appears neglible in comparison to the possibility that a negative result
arises from the fact that insufﬁcient training was applied to reveal a genuine between-domain rela-
tionship. In this regard, it is important to remember that most of the studies we have included here
have administered only one, intensive phase of training that lasts ca. 10 h (see Columns F and G of Ta-
ble 1), which in terms of total waking hours is a relatively short exposure time.
Consistent with the predictions outlined in the introduction we have reviewed evidence suggesting
that studies targeting younger participants are more likely to report transfer of training effects. This
pattern is, however, only a relatively weak one. Although consistent relationships are found across
all groups, the relationship between training transfer and age is signiﬁcant when all studies are pooled
together but not when WM and MA studies are considered individually. The fact that the observed
relationship was stronger for WM than for MA studies may be because of the greater homogeneity
of training within the WM group, which allows for the effect of individual variables such as age to
be identiﬁed more easily.
The evidence we have reviewed certainly does not suggest that training applied to younger partic-
ipants is the only means of demonstrating between-domain transfer following training: a number of
studies targeting older individuals (both mature adults and older adults (aged 70+) have reported
transfer of training effects to non-trained tasks (Brehmer et al., 2011; Dahlin et al., 2008; Richmond,
Morrison, Chein, & Olson, 2011; Schmiedek et al., 2010; Wang, Chang, & Su, 2011; Zinke, Zeintl, Es-
chen, Herzog, & Kliegel, 2011). It can also be seen from Figs. 2 and 3 that studies targeting individuals
with disorders such as ADHD (Klingberg et al., 2002, 2005) and acquired brain injury (e.g. Lundqvist
et al., 2009; Westerberg et al., 2007) appear to report transfer of training effects that is above that re-
ported by studies targeting typically developing individuals of a similar age.
If, however, we examine just those studies that have administered training to typically developing
individuals, then we do observe a signiﬁcant correlation between transfer reported and age. This cor-
relation does not appear to be driven by any one particular age group, but to be continuous across
developmental time. Given the theoretical considerations we discussed in the introduction, however,
we might expect to ﬁnd a stronger, non-linear (e.g. exponential) relationship – according to which
training administered early in development reports much more widespread transfer than similar
training administered to older participants. Why have no such relationships been observed?
Our own practical experience points to the vital importance of maintaining motivation and engage-
ment whilst administering training to younger participants – particularly very young participants for
whom metacognitive factors (i.e. an awareness of what they are doing and why) cannot be used to
increase motivation. Studies targeting younger participants tend to adminster smaller doses of train-
ing (see Column F of table) – but what is not reported is differences in the level of engagement during
training (e.g. frequency of off-task glances, etc.), which can also potentially inﬂuence the effectiveness
of the training that is being applied. Future work should concentrate on addressing these goals by
developing more sophisticated training methodologies that pay greater attention to the importance
of maintaining motivation and to the limitations of traditional point-and-click interfaces with very
young participants. The gaze-contingent training paradigms that we used to train attentional control
in infants – according to which different events take place contingent on where the participant is look-
ing – may represent fruitful avenues for further work here (Wass et al., 2011). Another factor that may
mitigate the relationship observed between age and training transfer is that behavioural measures for
S.V. Wass et al. / Developmental Review 32 (2012) 360–387 381younger participants may be less reliable and/or less sensitive than those used with adults, due to the
increased inﬂuence of factors such as short-term variability in mood on test performance in very
young individuals (e.g. Akshoomoff, 2002).
An additional factor may have contributed to the fact that the relationship we found between trans-
fer observed and training agewas only a relativelyweak one: namely that themajority of the studieswe
reviewed have administered just one short, intensive training phase and administered pre–post assess-
ments immediately after the cessation of training (although see Column M of the Table for the small
number of studies that did administer a longer-term follow-up). Many of the longer-term developmen-
tal interactions we postulated in the discussion would, therefore, not be measurable using these tech-
niques. Future work should concentrate on administering training over longer time periods, and
measuring systematically the degree to which transfer is observed to distal cognitive domains.
In the introduction we discussed longitudinal correlational evidence suggesting that attentional
control may be important over long-term developmental time-frames for gating the subsequent
acquisition of other skills in other non-contiguous domains – although we also pointed out that the
evidence suggesting between-domain relationships is largely correlational (e.g. Cornish et al.,
2012a, 2012b; Kannass & Oakes, 2008; Rose et al., 2009; Rose, Feldman, Jankowski, & Van Rossem,
2011; Scerif et al., 2012). Can ﬁndings from the training literature be used to demonstrate causal rela-
tionships here? From the studies we have reviewed, it would seem that no ﬁrm conclusions can be
drawn. Although a variety of methods have been shown to be effective at training attentional control,
the long-term relationships between attentional control and learning in other domains have only been
very partially explored. This should not, though, be taken as evidence against the developmental
hypotheses we discussed in the introduction – rather that the training studies currently in existence
were inadequately designed to address these hypotheses. The amounts of training that have been
administered remain small, and assessment of the longer-term effects of training remains limited.
With regard to both of the points we have raised – the problems of maintaining motivation over
longer time frames, and the importance of assessing transfer over longer periods and following larger
amounts of training, we believe that the non-traditional forms of cognitive training we have discussed
(mindfulness meditation (MM), action computer game playing, behavioural interventions) can also
make a substantial contribution. For example, whereas all of the WM papers we have reviewed have
administered a single training phase (generally c. 10 h over c. 5 weeks – see Column F of the table)
with follow-up assessments at intervals after the cessation of training (see Column M), MM studies
generally (although not always – see e.g. Tang et al., 2007) administer a longer training phase. MM
is designed to be practiced in an ongoing manner across the lifetime, which has allowed several stud-
ies to report on the effects of far larger doses of training (1000s of hours rather than 10s) (see Lutz
et al., 2008; Tang & Posner, 2009).
One underacknowledged tension in this ﬁeld is, we believe, that between theoretical and applied
goals. Whereas some researchers have developed cognitive training from theoretical (basic science)
perspectives (i.e. those applying training in order to help us better to understand the underlying cog-
nitive processes), others have been motivated by applications of this work (i.e. improving outcome
measures such as academic performance). These two approaches sometimes have conﬂicting goals.
For example, administering a training regime that is directed at a single, clearly deﬁned component
of cognition such as WM (Klingberg, 2010) may be the best way of addressing theoretical questions,
whereas applied goals (such as reducing symptom severity in ADHD) may be better accomplished
with a more varied cognitive training regime. This is particularly true given that a number of research-
ers are reporting that transfer within executive attention training tasks tends to be fairly narrow (e.g.
Diamond & Lee, 2011): it may that training a battery of partially complementary subcomponential
processes may be more successful in this regard.
Concluding remarks
Substantially altering cognition is hard. We have reviewed considerable negative evidence of train-
ing transfer, and we have emphasised that many of the studies in this area that have reported positive
ﬁndings are inadequately designed, in particular with regard to the vital importance of active control
groups.
382 S.V. Wass et al. / Developmental Review 32 (2012) 360–387Consistent with our hypothesis, however, we have found that training studies targeting younger
participants tend to report relatively more widespread transfer of training effects. This agrees with
evidence discussed in the introduction that neural and behavioural plasticity ought to be greater ear-
lier in development, and suggests that future applied cognitive training should concentrate on target-
ing younger participants. This is important not just because neural systems are more malleable earlier
in development, but also because attentional control is thought to be required for the subsequent
acquisition in other skills in other domains. In a number of developmental disorders for example, early
deﬁcits in attentional control are thought to lead, cascade-like, to subsequent impaired learning in
other areas. Thus interventions targeted earlier in development potentially have the ability to mini-
mize cascade-like deﬁcits before they occur.
We have also suggested a number of practical ways in which training studies targeting younger
participants might be optimised. First, we noted that different methods of training attentional control
have been shown to lead to at least partially overlapping patterns of performance improvement, and
suggested that one way of encouraging younger participants to remain engaged and motivated for
longer training periods may be the development of more varied training regimes. Second, we noted
that the studies we have reviewed have generally administered one, short (c. 10 h) training phase
which in terms of waking hours is a small exposure time, and that the fact that training tends to be
administered in one discrete training period may be non-optimal. (Compare the effect of one short
phase of cardiovascular exercise on cardiovascular ﬁtness over time.) Future studies should be de-
signed not just to measure cross-sectional performance at short- and medium-term follow-up, but
also to measure longitudinal changes, in particular with regard to assessing participants’ subsequent
ability to acquire new skills in other domains.
From an applied perspective, therefore, we recommend a number of goals for future work: (i)
reﬁnement of training techniques based on better integration of ideas from different traditions; (ii)
longer-term and more regularly spaced training methods; (iii) more rigorous control groups and sta-
tistical analyses; (iv) intensive interventions targeting individuals very early in development.Acknowledgments
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